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Abstract

Background

The outbreak of Zika virus (ZIKV) in the Americas has transformed a previously obscure
mosquito-transmitted arbovirus of the Flaviviridae family into a major public health concern.
Little is currently known about the evolution and biology of ZIKV and the factors that contrib-
ute to the associated pathogenesis. Determining genomic sequences of clinical viral iso-
lates and characterization of elements within these are an important prerequisite to
advance our understanding of viral replicative processes and virus-host interactions.

Methodology/Principal findings

We obtained a ZIKV isolate from a patient who presented with classical ZIKV-associated
symptoms, and used high throughput sequencing and other molecular biology approaches
to determine its full genome sequence, including non-coding regions. Genome regions
were characterized and compared to the sequences of other isolates where available. Fur-
thermore, we identified a subgenomic flavivirus RNA (sfRNA) in ZIKV-infected cells that
has antagonist activity against RIG-I induced type | interferon induction, with a lesser effect
on MDA-5 mediated action.
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tant for further understanding of pathogenesis and virus-host interactions.

Author Summary

The current ZIKV outbreak is a major public health concern in the Americas. To further
understand the virus, and to develop tools and potentially vaccines, more information on
the virus strains circulating in the Americas is required. Here we describe the full-length
sequence of a ZIKV isolate from a patient with classical symptoms, including the complete
non-coding regions which are missing from many currently available sequences, and put
these in context. Moreover, we also demonstrate the production of an RNA molecule
derived from the 3’ untranslated region that counteracts interferon responses and may
therefore be important for understanding the pathogenesis of ZIKV infection.

Introduction

Zika virus (ZIKV) is a mosquito-transmitted arbovirus in the Flavivirus genus, Flaviviridae
tamily. This previously obscure virus has recently caused large scale outbreaks in French Poly-
nesia in 2013 [1, 2], New Caledonia [3], the Cook Islands [4] and Easter Island [5] in 2014 and
the Americas in May 2015, beginning in Brazil [6, 7]. These outbreaks have been characterized
by an increased prevalence of neurological syndromes, such as Guillain-Barré syndrome and
microcephaly [8-13], which has heightened public concern. As of April 2016 the World Health
Organization (WHO) announced that 60 countries had reported autochthonous transmission
in the escalating epidemic originating in Bahia, Brazil in 2015 that has so far resulted in over
1.5 million suspected cases [14]. This unprecedented spread combined with the associated neu-
rological conditions resulted in WHO declaring a global public health emergency in February
201e6.

Brazil has the greatest burden of dengue virus (DENV), a related flavivirus, in the world and
the ongoing ZIKV epidemic is occurring in areas where such mosquito-borne arboviruses are a
major public health problem. This is due to widespread arbovirus vectors such as Aedes aegypti
and Ae. albopictus which are important vectors of DENV and chikungunya virus (CHIKY,
Togaviridae), as well as ZIKV [15-19]. Clinical manifestations of ZIKV are similar to symp-
toms of DENV or CHIKYV infections making misdiagnosis common [3, 20]. Only 20% of ZIKV
infections are thought to progress to clinical symptoms, which present as an acute, self-limiting
illness comprising fever, myalgia, headache, polyarthralgia, nonpurulent conjunctivitis and
maculopapular rash. The largest public health risk from ZIKV is its association with neurologi-
cal conditions such as Guillain-Barré syndrome and microcephaly which place substantial
strains on local communities and healthcare providers.

As is characteristic of flaviviruses, ZIKV possesses a linear single-stranded, positive-sense
RNA genome. The flavivirus genome has a single open reading frame that encodes all struc-
tural and non-structural proteins flanked by 5" and 3" untranslated regions (UTRs) [21]. Phy-
logenetic analysis of partial ZIKV sequence data revealed isolates may be categorised into
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African and Asian lineages, of which the African lineage is further subdivided into Nigerian
and MR766 prototype strain clades [22, 23]. Recently obtained sequences from the current epi-
demic are of Asian lineage and are most closely related to strains from the French Polynesian
outbreak in 2013 [5, 6, 24]. However, there are currently few full-length complete sequences
that include the genome termini. One of these is from the Americas and was derived from a
microcephaly case [10]. Nonetheless, such information is important given the relevance of the
genome termini and non-coding regions in virus translation, replication and pathogenesis. The
5" and 3’ non-translated regions of flavivirus genomes have been shown to demonstrate con-
served secondary structures, cyclization elements, and are important for binding to several
host proteins in addition to proteins involved in viral replication complexes [25, 26]. Further-
more, the 3’UTR encodes subgenomic flavivirus RNA (sfRNA) which is produced by the
incomplete degradation of viral RNA by a cellular 5’-3 exoribonuclease [27, 28]. These mole-
cules have been shown to be more than a by-product and are involved in viral interference with
innate immune responses in both vertebrates and invertebrates through antagonizing type I
interferon and RNA interference responses respectively [29-36].

Herein we present the complete genome sequence of a ZIKV isolate derived from a patient
in Brazil with classical disease symptoms. This will be important for future studies and the
development of reagents, such as reverse genetics systems, for ZIKV. We also identified ZIKV-
derived sfRNA in infected cells and show that it functions as an antagonist of RIG-I mediated
induction of type I interferon, while a lesser effect on MDA-5 mediated induction was
observed. The production of sfRNA in ZIKV infection may be an important contributor to
associated pathogenesis.

Materials and Methods
Ethics statement

This study was approved by the Brazilian Ethics Committee, Process number: IMIP Human
Ethics Research Committee Approval number 4232, PlatBr580.333 and 44462915.8.2004.5190.
The virus reported here, ZIKV/H. sapiens/Brazil/PE243/2015 (abbreviated to ZIKV PE243),
was isolated in Recife (Brazil) in 2015 from a patient (rash on face and limbs; arthralgia hands,
fist/wrist, ankle; edema on hands, fist/wrist; no neurological symptoms). All patients who
agreed to participate in this study were asked to sign an informed consent form.

Virus isolation from cell culture

ZIKV from positive serum samples was isolated at Funda¢ido Oswaldo Cruz (FIOCRUZ),
Recife (Brazil) by amplification in C6/36 Ae. albopictus cells. then Vero cells, which are fre-
quently used for virus isolation and were obtained from collections at FIOCRUZ. Briefly, 50 ul
of positive serum was incubated for 1 h at room temperature on monolayers of C6/36 cells.
The cells were then further incubated for 7 days. Following this, ZIKV infection was confirmed
by RT-PCR as described below.

Viral RNA extraction and RT-PCR

Viral RNA was extracted from serum of suspected acute DENV/ZIKV cases using the QIAmp
Viral RNA Mini kit (Qiagen) following the manufacturer’s instructions. RNA was extracted
from 140 ul of the sample and stored at -70°C prior to downstream applications. RT-PCR was
carried out using the QTAGEN OneStep RT-PCR kit in a final volume of 25 pl following previ-
ously established protocols and primers [22].
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Virus growth and titration by plaque assay

Vero E6 cells, a commonly used cell line for the growth of viruses [37] were infected with ZIKV
PE243 for the preparation of virus stocks which were collected upon detection of cytopathic
effect. ZIKV PE243 infected cells tested positive with mouse anti-ZIKV serum (provided by G.
Fall and A. A. Sall, Institut Pasteur de Dakar, Senegal) as well as with commercially obtained
ZIKV E protein-specific antibodies by western blotting and immunofluorescence (S1 File). For
titration, Vero E6 cells were infected with serial dilutions of virus and incubated under an over-
lay consisting of DMEM supplemented with 2% FCS and 0.6% Avicel (FMC BioPolymer) at
37°C for 5-7 days. Cell monolayers were fixed with 4% formaldehyde. Following fixation, cell
monolayers were stained with Giemsa to visualize plaques. Plaque assays for plaque size com-
parisons were also performed using A549 and A549/BVDV-Npro cell lines (provided by R. E.
Randall, University of St Andrews, UK) [37-39].

Detection of ZIKV PE243 sfRNA by northern blot

Denaturated total RNA (3.5 pg per sample; isolated from Vero E6 cells infected with ZIKV
PE243 at an multiplicity of infection [MOI] of 1 by Trizol followed by Direct-zol RNA purifica-
tion) was separated on a denaturating formaldehyde agarose gel (1.5% agarose, 1x MOPS buffer
[Fisher Scientific], 12.3 M formaldehyde) in 1x MOPS running buffer. RNA was transferred onto
a Hybond-N+ membrane (GE Healthcare Life Sciences) via capillary transfer action using 10x
SSC (1.5 M NaCl, 150 mM trisodium citrate). RNA was crosslinked to the membrane by UV
(120 mJ/cm?). Following transfer, the membrane was prehybridized for 2 h in PerfectHyb Plus
Hybridization buffer (Sigma-Aldrich) at 65°C. Specific oligonucleotides for the sfRNA region of
the ZIKV PE243 3’UTR (forward: AGCTGGGAAACCAAGCCTAT, reverse: GTGGTGGAAAC
TCATGGAGTCT) were used to amplify a fragment by PCR with KOD polymerase (Merck
Millipore). Following this 250 ng of the PCR product was end-labelled with **P using T4 Polynu-
cleotide Kinase (NEB) and [y->*P]Adenosine 5 -triphosphate (PerkinElmer) to produce a probe.
The probe was denatured for 5 min at 95°C and added to prehybridization mixture which was
incubated on the membrane overnight at 65°C. The membrane was then washed twice for 15
min at 65°C with each of the following three buffers: 2x SSC and 0.5% SDS, 2x SSC and 0.2%
SDS, 0.2x SSC and 0.1% SDS. RNA species were detected by phosphorimaging.

Cloning of ZIKV 3UTR

The Gateway cloning system was used for cloning the 3’'UTR of ZIKV, potentially containing the
sfRNA sequence, fused to hepatitis delta virus ribozyme (HDVr) into pDEST40 (mammalian
expression vector [Invitrogen]). The 3’'UTR of ZIKV PE243 was amplified by PCR using 1 pl of
the 3' end RACE reaction as a template. Subsequently, fusion PCR was performed using the
primers described in Table 1. The resulting fragment was inserted into the pPDONR207 using BP
Clonase II kit (Invitrogen) and sequenced using the pDONR201 forward primer. LR Clonase II
kit (Invitrogen) was used for the recombination of pPDONR207-ZIKV PE243-3’UTR (entry vec-
tor) and the empty pDEST40 resulting in pDEST40-ZIKV PE243-3’UTR. The sequence of
pDEST40-ZIKV PE243-3"UTR was validated using the T7 promoter forward primer. Similar
cloning strategies have been used for other flavivirus 3 UTRs containing sfRNA [29, 30].

Interferon assays

In vitro type I interferon assays were performed using the human A549 cell line [37] to analyze
the activity of the IFN- promoter in the presence of plasmids expressing flavivirus 3’UTRs
containing the sSfRNA sequence. A549 cells were grown in DMEM (supplemented with 10%
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Table 1. Primers used for cloning of ZIKV 3’UTR containing sfRNA.

Primer Use Sequence (5’-3’)

ZIKV-3'UTR-FW ZIKV 3'UTR amplification GCACCAATCTTAATGTTGTCAGG

ZIKV-3'UTR-RV AGACCCATGGATTTCCCC

ZIKV-3'UTR-attB-FW | amplification of attB-ZIKV 3'UTR-HDVr | GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCACCAATCTTAATGTTGTC
ZIKV- fragment CATGCCGACCCAGACCCATGGATTTCCCCA

3'UTR-HDVR-RV

HDVR-ZIKV- amplification of ZIKV 3UTR-HDVr-attB | GAAATCCATGGGTCTGGGTCGGCATGGCATCTC

3'UTR-FW fragment

HDVR-attB-RV (E10) GGGGACCACTTTGTACAAGAAAGCTGGGTTTTCCGATAGAGAATCGAGAGAAAA
pDONR201 forward sequencing (PDONR207) TCGCGTTAACGCTAGCATGGATCTC

T7 promoter (F) sequencing (PDEST40) TAATACGACTCACTATAGGG

doi:10.1371/journal.pntd.0005048.t001

FBS, 1000 units/ml penicillin and 1 mg/ml streptomycin) at 37°C with 5% CO,. Briefly, 24 h
prior to transfection, A549 cells were seeded in 24 well plates at a density of 1.2x10° cells/well
to reach 70% confluency the following day. Cells were first co-transfected with 400 ng p125Luc
IFN-B promoter reporter vector expressing Firefly luciferase [40], 2 ng pRL-CMYV (internal
control, expressing Renilla luciferase), and 500 ng of either pDEST40 expressing DENV [29] or
ZIKV 3'UTRs (constructs described in this study) or a MBP-HDVr (maltose-binding protein-
HDVr) control using Opti-MEM and Lipofectamine2000 (Invitrogen) according to the manu-
facturer’s protocol. Following a further 24 h incubation, type I interferon induction was stimu-
lated by transfecting the cells a second time with either 10 pg/well poly I:C, 50 ng Vero cell
produced EMCV RNA or 50 ng Neo'*” IVT-RNA (universal, MDA-5 specific and RIG-I spe-
cific type I interferon agonists respectively) [41, 42]. Cells were lysed in 1x passive lysis buffer
(Promega) 24 h after the second transfection and Firefly and Renilla luciferase activities deter-
mined using a Dual-Luciferase reporter assay kit (Promega) in a GloMax luminometer.

Virus infection for RNA sequencing

Vero E6 cells were infected with ZIKV at an MOI of 0.001 in triplicate. At 48 h post infection
(p-.), cell culture supernatant was harvested and clarified by low speed centrifugation. Follow-
ing clarification, 6 ml of infected cell supernatant was concentrated to 250 pl using an Ultra-15
Centrifugal Filter Units with 100 kDa molecular weight cut-off (Amicon). Concentrated super-
natant was then added to Direct-zol solution and RNA extracted using a Direct-zol RNA mini
kit (Zymogen) according to the manufacturer’s instructions. Purified RNA was then stored at
-80°C for further downstream processing.

RACE analysis of viral genome termini

Sequencing of the 5" and 3’ termini of the viral genome was performed using a 5’/3° RACE kit
(Roche) following the manufacturer’s protocol. All primers used are described in Table 2. To

Table 2. Primers sequences used for 5°/3’ RACE of ZIKV viral termini.

Primer Use Sequence (5’-3’)

SP1 cDNA synthesis CTCATGGTGGCATCACACATGTGTCCAAGATCC

5 PCR PCR amplificiation TGCACTCCCACGTCTAG

3 PCR PCR amplification TGGCCAATGCCATTTGTTCATCTGTGC

5'SEQ Sequencing CATCTATTGATGAGACCCAGTGATGGC

3'SEQ Sequencing GAAGACTTGTGGTGTGGATCTCTCATAGGGCACAG
3’ SEQ2 Sequencing GCCTGAACTGGAGATCAGCTGTGGATC

doi:10.1371/journal.pntd.0005048.t002
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obtain the 5" end sequence of the ZIKV genome 5" RACE was performed. Briefly, 1 ug total
RNA was extracted from ZIKV-infected Vero E6 cells using a Direct-zol RNA mini kit and
reverse transcribed using the ZIKV specific primer, SP1. The synthesized cDNA was purified
using the illustra GFX PCR DNA and Gel Band Purification kit (GE Healthcare) according to
the manufacturer’s instructions. This was prior to polyadenylation at the 3’ end and amplifica-
tion using the PCR anchor primer and a ZIKV specific primer (5 PCR). 3’ RACE was carried
out to obtain the 3’ end sequence using 1 ug total RNA extracted from ZIKV infected Vero
cells which was polyadenylated at the 3’ end using Poly(A) polymerase (New England Biolabs)
following the manufacturer’s guidelines. cDNA synthesis was performed by reverse transcrib-
ing the RNA using the oligo (dT) anchor primer. Amplification of the cDNA was achieved by
using the PCR anchor primer and a ZIKV specific primer (3’ PCR). The PCR cycling condi-
tions were 95°C for 2 min then 35 cycles of 95°C 20 sec, 56°C (5" RACE) or 68°C (3’ RACE) for
10 sec, 70°C for 15 sec and 70°C for 7 min.

cDNA synthesis and NGS library preparation

A volume of 25 pl of cell culture supernatant was treated with RNase-free DNase I (Ambion),
purified with RNAClean XP magnetic beads (Beckman Coulter) and eluted in 11 pl of water.
In parallel, an equivalent sample was concentrated from 25 to 11 pl using magnetic beads as
indicated above, in the absence of DNase I treatment. In addition, 45 pl of extracted total cellu-
lar nucleic acid was treated with RNase-free DNase I and purified as above. Half of the volume
was further depleted of ribosomal RNA (RiboZero Gold) according to the manufacturer's
protocol.

All samples were reverse-transcribed using Superscript III (Invitrogen) followed by dsDNA
synthesis with NEB Next(r) mRNA Second Strand Synthesis Module (New England Biolabs).
Libraries were prepared using a KAPA DNA Library Preparation Kit (KAPA Biosystems), uti-
lizing a modified protocol that includes ligation of the NEBnext adapter for Illumina (New
England Biolabs), followed by indexing with TruGrade oligonucleotides (Integrated DNA
Technologies) to eliminate tag crossover. Resulting libraries were quantified using a Qubit 3.0
fluorometer (Invitrogen) and their size determined using a 2200 TapeStation (Agilent). Librar-
ies were pooled in equimolar concentrations.

Sequencing analysis

Samples from different passages were sequenced on a NextSeq500 platform (Ilumina). This
obtained 24,275,098 read pairs (2x150bp) and 88.8% of reads had a quality score of >Q30.

Bioinformatic analysis

Reads were first checked for quality using FASTQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) and trimmed for adapter sequences and quality filtered using trim_galore
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galare/). These were subsequently
mapped to the ZIKV complete genome KU321639 using two different aligners: Tanoti (http://
www.bioinformatics.cvr.ac.uk/tanoti.php) and Bowtie2 [43]. The assembly was parsed using
customized scripts to determine the frequency of nucleotides at each site and reconstruct a con-
sensus with nucleotides above 50%. The complete genome was extended at the 5" and 3’UTRs
by extracting additional reads that overlapped with the terminal ends of the consensus
sequence. The sequence of the ZIKV PE243 genome has been deposited in GenBank with the
accession number KX197192.
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Phylogenetic and sequence analysis

Phylogenetic and comparison analyses were carried out using full coding sequence alignments
that were generated using MUSCLE [44] within the program suite Geneious (version 7.1.8:
http://www.geneious.com) [45]. These alignments were created using our ZIKV PE243
sequence in addition to publicly available coding sequences on GenBank. All Asian and African
lineage ZIKV sequences used for the analysis are described in S1 Table. A single African
sequence (MR-766, accession NC_012532) was used as an outgroup. Before generating phylog-
enies, the data set was analyzed for the presence of recombination. The Recombination Detec-
tion Program version 4 (RDP4) [46] software was utilized, specifically the programs RDP,
Chimaera, BootScan, 3Seq, GENECONYV, MacChi & SiScan. Phylogenies were generated with
both maximum likelihood and Bayesian inference methods using the software packages
PhyML [47] and MrBayes (version 3.2.6) [48] respectively. Support for the maximum likeli-
hood tree topology was generated by 1,000 non-parametric bootstrap replicates. For the Bayes-
ian analysis one MCMC run of four heated chains of length 1,000,000 was utilized to ensure an
effective sample size of at least 200. The run was sampled every 200" generation and the first
10% of samples were discarded as burn-in. The generalized time reversible (GTR) substitution
model with gamma distribution (+G) was found to suit the data set best, as selected by both
jModel Test [49] and HyPhy [50] software packages. The topologies of both the Bayesian and
maximum likelihood trees were identical; here we present only the Bayesian tree.

Statistical analysis

All data were analysed using Prism 5 software (GraphPad) and presented as mean + standard
error. Statistical significance for the comparison of means between groups was determined by a
two-way ANOVA; p values <0.05 were considered significant.

Results and Discussion

Characterization of ZIKV/H. sapiens/Brazil/PE243/2015

At the time of writing, 62 ZIKV genomes are available on GenBank, of which 37 are published.
Of these only 11 showed both 5’ and 3’ complete UTRs (accessed 16th April 2016). A summary
of currently available strain information and accession numbers is presented in S1 Table. ZIKV
PE243 was isolated from a patient presenting with classical symptoms associated with ZIKV
infection and the complete viral genome sequence including the non-coding regions was deter-
mined. The UTRs are largely missing in many sequences from the Americas, with some excep-
tions including the Natal isolate derived from a case presenting with microcephaly [10]. Only
recently have more full-length ZIKV sequences been described [51, 52].

Our phylogenetic analysis uses the entire protein-coding region and the position of our iso-
late was supported by a posterior probability node support of 1. Recombination screening
prior to analysis also produced no signals. The sequence of ZIKV PE243 used for further analy-
sis (as deposited in GenBank) derives from virus that had been passaged five times in Vero E6
cells upon receipt by the Centre for Virus Research (Glasgow, UK) on a NextSeq500 (average
depth of coverage of 5637, range 52-13691). Three nucleotide substitutions were observed fol-
lowing the sequencing of this virus compared to a previous passage of the isolate (passage two)
that had been sequenced on a MiSeq platform (these earlier data did not generate complete
coverage; average depth of coverage of 1158, range 2-2944). The mutations observed are as fol-
lows: site 2784, 1149 out of 1159 reads had A in the MiSeq run (after two passages) and 3508
out of 3910 reads had G in the NextSeq run after a further three passages. The mutation
A2784G corresponds to the amino acid substitution R893G in NS1. The mutations observed in
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NS3 (U5231C: 1727/1730 Ts in passage two versus 7031/7623 Cs in passage five) and NS4B
(A7637G: 1835/1846 As in passage two versus 9578/10587 Gs in passage five) were synony-
mous. These three substitutions represent mutations obtained during adaptation in cell culture
between passage two and passage five. The mutations A2784G and U5231C are unique to
ZIKV PE243 and are not found in any other strains published to date. Phylogenetic analysis
based on the entire protein coding region grouped the ZIKV PE243 isolate with another 2015
Brazilian isolate (KU321639, “ZikaSPH2015’) with 100% posterior support (Fig 1). As expected,
our isolate clusters with other strains from the Americas which belong to the Asian lineage that
is attributed to the epidemic in French Polynesia in 2013 (Fig 1). Previous findings have shown
that American isolates are genetically very comparable, with approximately 99% homology at
the nucleotide level, and there is less than 12% diversity between strains from both African and
Asian lineages [24, 53]. Our data are in agreement with this as ZIKV PE243 demonstrates a
strong degree of conservation at amino acid level (98.3% pairwise identity) with sequences
from 62 isolates (Fig 2). ZIKV PE243 shares the greatest level of similarity with the Brazilian
isolate ZikaSPH2015 (99.9% at the nucleotide level and 99.97% at amino acid level) [54] and
the passage two isolate matched the coding region precisely. There is no obvious virological
explanation, based upon our sequence analysis, for the increased occurrence of neurological
disease cases associated with the outbreak in Brazil. This is in accordance with other findings
which have similarly suggested that there are no specific mutations in the viral genome associ-
ated with severe cases [54]. However, the role of mutations in ZIKV isolates needs to be
assessed by reverse genetics approaches to provide conclusive evidence.

We also successfully sequenced both the 5" and 3’ non-coding regions (Figs 3 and 4). Of the
62 sequences publicly available (as of 16™ April 2016), 48 sequences with 5’UTR information
are shown in the consensus alignment (Fig 3). ZIKV strains ZIKV/Homo sapiens/NGA/ibH-
30656_SM21V1-V3/1968 and ZIKV/Macaca mulatta/ UGA/MR-766_SM150-V8/1947 contain
large insertions and were subsequently excluded from 5’UTR analysis. The 5’UTR of ZIKV
PE243 shares 100% sequence identity with the consensus sequence (the most common bases
between all sequences analyzed) and overall very few mismatches are detected across all 48
sequences studied. The 5"UTR is largely conserved between isolates of the same lineage and is
approximately 107 nucleotides long in isolates from the Asian lineage, similar to the length
shown for MR766 strain and other African lineage viruses. There was strong similarity between
ZIKV PE243 and Natal RGN, a Brazilian isolate associated with microcephaly [10], while
ZIKV PE243 was associated with classical symptoms. Similarly, there are few mismatches
between known 3'UTRs (Fig 4). These non-coding regions are expected to be approximately
428 nucleotides in length as seen for many Asian and African isolates.

ZIKV PE243 produces interferon antagonist sfRNA

The host interferon response is known to be essential for fighting viral infections and prevent-
ing virus replication, including mosquito-borne flaviviruses [55-58]. This has been specifically
illustrated for ZIKV as in vivo pathogenesis studies require murine models lacking type I inter-
feron [59], while type III interferon has been shown to have a protective role against ZIKV
infection in human placental cells [60]. Furthermore, ZIKV NS5 has recently been described as
a type I IFN signaling antagonist that targets STAT2 [61]. Indeed, ZIKV PE243 was also sus-
ceptible to type I interferon responses and produced much larger plaque sizes in the type I
interferon incompetent A549/BVDV-Npro cell line than in A549 cells (S1 Fig).

However, viruses also employ mechanisms that allow them to counteract the host’s inter-
feron responses in order to replicate efficiently. Mosquito- and tick-borne flaviviruses express
sfRNA derived from the 3’ terminus, which is resistant to RNase (XRN1)-mediated virus

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016 8/20
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Fig 1. Bayesian maximum clade credibility tree generated from coding sequence data. Bayesian
posterior probabilities are given at nodes of importance. Isolates which have been implicated in particular
diseases are highlighted, as is the ZIKV PE243 isolate we have sequenced. GenBank accession numbers of
all sequences used are given in S1 Table. EC_2007 refers to the epidemic consensus sequence generated
from the Yap Island outbreak in 2007 (EU545988).

doi:10.1371/journal.pntd.0005048.g001

genome degradation due to RNA stem loop structures and pseudoknots in this region [27, 28].
Interestingly, sfRNA has been implicated in pathogenesis, immune evasion and inhibition of
small RNA-based responses [29-34]. Thus, a similar subgenomic RNA produced during ZIKV
infection could be important in the development of disease and virus-host interactions. Based
on our sequence data and comparisons to other mosquito-borne flavivirus 3"'UTRs, we pre-
dicted the structure of ZIKV PE243 sfRNA (Fig 5). Secondary structures, specific for flavivirus
3’UTRs, were detected in the 3’UTR of ZIKV PE243 by Clustal alignments of the 3’UTR of
ZIKV PE243, yellow fever virus (X03700, K02749), DENV2 (M19197), Kunjin virus
(AY274504), Japanese encephalitis virus (AF014161) and Murray Valley encephalitis virus
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doi:10.1371/journal.pntd.0005048.g003

(AF161266) in combination with Mfold. Putative pseudoknot interactions were determined by
hand. Further analysis was also carried out to compare the 3’UTR sequences between ZIKV
PE243 and 3 African strain isolates (two MR766 isolates [AY632535, KX377335] and another
African isolate [KU955592]). Our comparisons suggest that the sequence differences between
these Asian and African isolates do not, or are unlikely to, affect the predicted sfRNA structure
(S2 Fig, S3 Fig and S2 Table).

Our sequence data for ZIKV PE243 and predictive analysis suggested that the ZIKV sfRNA
molecule begins 15 nt after the stop codon of the open reading frame and is 413 nt in length.
This was further confirmed by northern blot analysis, which indicates a band at the anticipated
size present only in ZIKV PE243 infected cell lysate (Fig 6). It is important to determine
whether this molecule is involved in inhibition of type I IFN production as previously
described for other flavivirus stRNAs [27]. To test this hypothesis, cells were co-transfected
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doi:10.1371/journal.pntd.0005048.9g004

with a reporter plasmid (p125Luc) expressing Firefly luciferase under the control of the IFN-f
promoter as well as plasmids expressing either ZIKV or DENV 3’UTRs which contain the
sfRNA sequences. The IFN- promoter was stimulated by treating with poly I:C (Fig 7).

As demonstrated in Fig 7, ZIKV PE243 sfRNA reduced activation of the IFN-f promoter to
the same level as DENV sfRNA compared to MBP-HDVr control. This shows that ZIKV
sfRNA functions in a similar manner to other flavivirus sfRNA molecules and interacts with
important innate immune responses that may impact on virus replication and thus the severity

of the clinical outcome.

To further understand the mechanism of action ZIKV sfRNA molecules use to antagonize
the interferon response, the above assay was repeated this time using specific inducers of type I
interferon induction components, RIG-I and MDA-5 [41, 42]. Receptors such as RIG-I and
MDA-5 signal for the induction of IFN-0/f production through the detection of viral nucleic
acid [62, 63]. As shown in Fig 8, stimulation of RIG-I (Fig 8A) results in a significant decrease
in IFN- promoter activity in the presence of both DENV and ZIKV sfRNAs compared to the
control. In contrast MDA-5 (Fig 8B) stimulation did not alter the activity of the IFN-f pro-
moter in the presence of DENV sfRNA, although a weak but significant decrease was observed

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016
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dumbbell structure; 3'SL; 3’ end stem loop structure. The dotted line represents the predicted pseudoknot.

doi:10.1371/journal.pntd.0005048.9005

in ZIKV sfRNA expressing cells. These data suggest that both ZIKV and DENV antagonize
RIG-I mediated type I interferon induction. Our data is consistent with previous findings for
DENYV sfRNA which found that DENV sfRNA binds TRIM25 interfering with its deubiquityla-
tion, consequently hindering RIG-I mediated interferon induction [34]. Only ZIKV sfRNA
antagonized MDA-5 activity in this assay, although the biological significance of this is yet to
be clarified.

Over the past 40 years there has be an upsurge in the number of cases of important arbovi-
rus infections such as DENV, CHIKV and West Nile virus (WNV), and ZIKV is now another
emerging arbovirus of significant clinical importance. The factors involved in the emergence of
ZIKV from a rarely detected pathogen to a major epidemic are yet to be determined and could
include genetic adaptation, environmental influences, interactions with other pathogens within
infected individuals and changes in population dynamics of the virus. To date, the northeast
region of Brazil has reported a significant increase in cases of microcephaly and it is important
to understand the determinants that lead to this clinical outcome. It has been suggested that
alterations in codon usage in the NS1 gene may have facilitated an adaptation towards
improved fitness for human infections in the Asian lineage over the African [64]. These
changes, combined with the geographical ranges throughout the Americas of its vector popula-
tion, may have contributed to its accelerated spread. More work is required to analyze these
possibilities, and reverse genetics systems in particular will be key to studying mutations and
genetic diversity within viral populations. The 5’ and 3’UTRs are important for virus replica-
tion and are therefore required for the development of such reverse genetic systems [65] that
may be used in vaccine development or to advance knowledge of virus-host interactions. In
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in Materials and methods. Radiolabeled DNA probe complementary to 3'UTR was used to detect genomic
RNA and sfRNA. Bottom panel: assessed amounts of 18S ribosomal RNAs (fluorescently labelled with
ethidium bromide) prior to transfer.

doi:10.1371/journal.pntd.0005048.g006

order to understand not only ZIKV evolution and pathogenesis but also to support the devel-
opment of virus-based tools, it is imperative to generate full virus genome sequences from
ZIKV isolates in the Americas and elsewhere associated with classical and non-classical symp-
toms. Although new scientific information about ZIKV is published on a near daily basis,
many avenues of research are yet to be fully explored in order to understand the clinical mani-
festations surrounding this outbreak. Characterization of the full sequence of ZIKV PE243
from a patient with symptoms classically associated with infection adds to our understanding
of the virus genetics. We have also shown that ZIKV, like other pathogenic flaviviruses infect-
ing humans, encodes sSfRNA which inhibits type I interferon induction and thus is likely to
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Renillaluciferase). The IFN-f promoter was stimulated by transfecting poly I:C 24 h after the primary transfection. The relative
luciferase activity (Firefly/Renilla) was analyzed at 24 h following the second transfection. The mean with standard error is shown for
three independent experiments performed in triplicate; values of independent experiments were used for analysis. The data were
normalized to cells transfected with pDEST40-MBP without any poly I:C treatment. Asterisk (*) indicates significance (2-way ANOVA,
p<0.05).
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Fig 8. Activation of the IFN-f promoter by RIG-l or MDA-5 agonists in cells over-expressing ZIKV sfRNA. A549 cells were co-transfected
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experiments were used for analysis. The data were normalized to cells transfected with pDEST40-MBP without any agonist treatment. Asterisk (*)
indicates significance (2-way ANOVA, p<0.05).
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contribute to viral pathogenesis. Our interferon induction assays suggest that ZIKV sfRNA
may have broader antagonist activity compared to DENV sfRNA, which could contribute to
disease outcome and requires further investigation. The data shown here give important
insights into virus-host interactions that will help guide future research efforts in this field.

Supporting Information

S1 Table. ZIKYV isolate information and data.
(DOCX)

$2 Table. Summary of 3’UTR mutations and associated secondary structures. Positions of
single nucleotide mutations within the predicted sSfRNA sequences of three African lineage iso-
lates compared to ZIKV PE243 sfRNA. Mutations are described as Asian lineage: African line-
age. * indicates MR766 conserved mutations.

(DOCX)

S1 Fig. Type I interferon inhibits ZIKV PE243. Virus growth was analyzed by plaque size
comparisons in human A549 (interferon competent) and A549/BVDV-Npro (type I interferon
incompetent) cell lines.

(TIF)

S2 Fig. Alignment and comparison between the 3’UTRs of ZIKV PE243 and 3 African line-
age viruses. Accession numbers African ZIKV: MR766 isolates AY632535 and KX377335; fur-
ther strain KU955592. Predicted sequence elements and structures are indicated.

(DOCX)

S3 Fig. Location of African ZIKV 3’UTR mutations relative to ZIKV PE243. Shown is 5’-3
of the ZIKV PE243 3’UTR sequence, left to right (as also shown in Fig 5). Asterisks indicate
conserved mutations between all compared African lineage sequences (isolates AY632535,
KX377335 and KU955592) and location in the predicted ZIKV PE243 sfRNA.

(TIF)

S1 File. Data and methods for use of mouse anti-ZIKV serum as well as antibodies against
ZIKV E protein.
(DOCX)

Acknowledgments

We acknowledge colleagues worldwide for sharing sequence data on public databases to sup-
port ongoing research efforts. We also thank Professor Richard E Randall (University of St
Andrews) for cell lines.

Author Contributions

Conceptualization: CLD BB SLC GSW JH RFdOF LJP JR AMO AHP JM BDL RB ES AK.
Data curation: JH AK.

Formal analysis: CLD BB SLC VVR JJC MS MV JH GSW ADSF CD RB ES AK.
Investigation: CLD BB SLC VVR JJC MTC RFdOF LJP GSW ADSF CD JH MV MS LZ.
Methodology: CLD BB SLC VVR GSW ADSF JH RFdOF LJP JR RB ES AK.

Project administration: AK ES.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016 16/20


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005048.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005048.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005048.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005048.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005048.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005048.s006

@ PLOS | RSHEAE Biseases

Genome Sequence of Zika Virus from Recife, Brazil

Resources: JR MTC RFAOF LJP GF AAS.

Software: JH.

Supervision: AK ES RB.

Validation: CLD BB SLC VVR JJC MS GSW ADSF CD JH MV.

Visualization: CLD SLC BB VVR JJC MS MV ES AK.

Writing - original draft: AK CLD BB SLC RFdOF LJP GSW JH AHP JM RB ES.

Writing - review & editing: CLD BB SLC VVR JJC RFdOF LJP GSW ADSF CD JH MV MS

AMO AHP JM JR BDL RB ES AK.

References

1.

10.

11.

12

13.

14.

15.

16.

Hancock WT, Marfel M, Bel M. Zika virus, French Polynesia, South Pacific, 2013. Emerg Infect Dis.
2014;20(11):1960. doi: 10.3201/eid2011.141380 PMID: 25341051; PubMed Central PMCID:
PMCPMC4214323.

Cao-Lormeau VM, Musso D. Emerging arboviruses in the Pacific. Lancet. 2014; 384(9954):1571-2.
doi: 10.1016/S0140-6736(14)61977-2 PMID: 25443481.

Dupont-Rouzeyrol M, O’'Connor O, Calvez E, Daures M, John M, Grangeon JP, et al. Co-infection with
Zika and dengue viruses in 2 patients, New Caledonia, 2014. Emerg Infect Dis. 2015; 21(2):381-2.
doi: 10.3201/eid2102.141553 PMID: 25625687; PubMed Central PMCID: PMCPMC4313662.

Musso D, Nilles EJ, Cao-Lormeau VM. Rapid spread of emerging Zika virus in the Pacific area. Clin
Microbiol Infect. 2014; 20(10):0595-6. doi: 10.1111/1469-0691.12707 PMID: 24909208.

Tognarelli J, Ulloa S, Villagra E, Lagos J, Aguayo C, Fasce R, et al. A report on the outbreak of Zika
virus on Easter Island, South Pacific, 2014. Arch Virol. 2015. doi: 10.1007/s00705-015-2695-5 PMID:
26611910.

Campos GS, Bandeira AC, Sardi SlI. Zika Virus Outbreak, Bahia, Brazil. Emerg Infect Dis. 2015; 21
(10):1885-6. doi: 10.3201/eid2110.150847 PMID: 26401719; PubMed Central PMCID:
PMCPMC4593454.

Zanluca C, Melo VC, Mosimann AL, Santos Gl, Santos CN, Luz K. First report of autochthonous trans-
mission of Zika virus in Brazil. Mem Inst Oswaldo Cruz. 2015; 110(4):569—-72. doi: 10.1590/0074-
02760150192 PMID: 26061233; PubMed Central PMCID: PMCPMC4501423.

de Oliveira CS, da Costa Vasconcelos PF. Microcephaly and Zika virus. J Pediatr (Rio J). 2016; 92
(2):103-5. doi: 10.1016/j.jped.2016.02.003 PMID: 27036749.

Oehler E, Watrin L, Larre P, Leparc-Goffart |, Lastere S, Valour F, et al. Zika virus infection complicated
by Guillain-Barre syndrome—case report, French Polynesia, December 2013. Euro Surveill. 2014; 19
(9). PMID: 24626205.

Mlakar J, Korva M, Tul N, Popovic M, Poljsak-Prijatelj M, Mraz J, et al. Zika Virus Associated with
Microcephaly. N Engl J Med. 2016; 374(10):951-8. doi: 10.1056/NEJMoa1600651 PMID: 26862926.

Cao-Lormeau VM, Blake A, Mons S, Lastere S, Roche C, Vanhomwegen J, et al. Guillain-Barre Syn-
drome outbreak associated with Zika virus infection in French Polynesia: a case-control study. Lancet.
2016. doi: 10.1016/S0140-6736(16)00562-6 PMID: 269484 33.

Schuler-Faccini L, Ribeiro EM, Feitosa IM, Horovitz DD, Cavalcanti DP, Pessoa A, et al. Possible
Association Between Zika Virus Infection and Microcephaly—Brazil, 2015. MMWR Morb Mortal Wkly
Rep. 2016; 65(3):59-62. doi: 10.15585/mmwr.mm6503e2 PMID: 26820244.

Rasmussen SA, Jamieson DJ, Honein MA, Petersen LR. Zika Virus and Birth Defects—Reviewing the
Evidence for Causality. N Engl J Med. 2016:In press. doi: 10.1056/NEJMsr1604338 PMID: 27074377.

WHO. Situation Report: Zika virus, Microcephaly and Guillain-Barre syndrome. The World Health
Organisation 2016.

Weaver SC, Costa F, Garcia-Blanco MA, Ko Al, Ribeiro GS, Saade G, et al. Zika virus: History, emer-
gence, biology, and prospects for control. Antiviral Res. 2016; 130:69-80. doi: 10.1016/j.antiviral.
2016.03.010 PMID: 26996139.

Weaver SC, Reisen WK. Present and future arboviral threats. Antiviral Res. 2010; 85(2):328—45. doi:
10.1016/j.antiviral.2009.10.008 PMID: 19857523; PubMed Central PMCID: PMCPMC2815176.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016 17/20


http://dx.doi.org/10.3201/eid2011.141380
http://www.ncbi.nlm.nih.gov/pubmed/25341051
http://dx.doi.org/10.1016/S0140-6736(14)61977-2
http://www.ncbi.nlm.nih.gov/pubmed/25443481
http://dx.doi.org/10.3201/eid2102.141553
http://www.ncbi.nlm.nih.gov/pubmed/25625687
http://dx.doi.org/10.1111/1469-0691.12707
http://www.ncbi.nlm.nih.gov/pubmed/24909208
http://dx.doi.org/10.1007/s00705-015-2695-5
http://www.ncbi.nlm.nih.gov/pubmed/26611910
http://dx.doi.org/10.3201/eid2110.150847
http://www.ncbi.nlm.nih.gov/pubmed/26401719
http://dx.doi.org/10.1590/0074-02760150192
http://dx.doi.org/10.1590/0074-02760150192
http://www.ncbi.nlm.nih.gov/pubmed/26061233
http://dx.doi.org/10.1016/j.jped.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/27036749
http://www.ncbi.nlm.nih.gov/pubmed/24626205
http://dx.doi.org/10.1056/NEJMoa1600651
http://www.ncbi.nlm.nih.gov/pubmed/26862926
http://dx.doi.org/10.1016/S0140-6736(16)00562-6
http://www.ncbi.nlm.nih.gov/pubmed/26948433
http://dx.doi.org/10.15585/mmwr.mm6503e2
http://www.ncbi.nlm.nih.gov/pubmed/26820244
http://dx.doi.org/10.1056/NEJMsr1604338
http://www.ncbi.nlm.nih.gov/pubmed/27074377
http://dx.doi.org/10.1016/j.antiviral.2016.03.010
http://dx.doi.org/10.1016/j.antiviral.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/26996139
http://dx.doi.org/10.1016/j.antiviral.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19857523

@ PLOS | RSHEAE Biseases

Genome Sequence of Zika Virus from Recife, Brazil

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chouin-Carneiro T, Vega-Rua A, Vazeille M, Yebakima A, Girod R, Goindin D, et al. Differential Sus-
ceptibilities of Aedes aegypti and Aedes albopictus from the Americas to Zika Virus. PLoS Negl Trop
Dis. 2016; 10(3):e0004543. doi: 10.1371/journal.pntd.0004543 PMID: 26938868; PubMed Central
PMCID: PMCPMC4777396.

Wong PS, Li MZ, Chong CS, Ng LC, Tan CH. Aedes (Stegomyia) albopictus (Skuse): a potential vector
of Zika virus in Singapore. PLoS Negl Trop Dis. 2013; 7(8):€2348. doi: 10.1371/journal.pntd.0002348
PMID: 23936579; PubMed Central PMCID: PMCPMC3731215.

Grard G, Caron M, Mombo IM, Nkoghe D, Mboui Ondo S, Jiolle D, et al. Zika virus in Gabon (Central
Africa)—2007: a new threat from Aedes albopictus? PLoS Negl Trop Dis. 2014; 8(2):e2681. doi: 10.
1371/journal.pntd.0002681 PMID: 24516683; PubMed Central PMCID: PMCPMC3916288.

Villamil-Gomez WE, Gonzalez-Camargo O, Rodriguez-Ayubi J, Zapata-Serpa D, Rodriguez-Morales
AJ. Dengue, chikungunya and Zika co-infection in a patient from Colombia. J Infect Public Health.
2016. doi: 10.1016/j.jiph.2015.12.002 PMID: 26754201.

Lindenbach BD, Murray CL, Thiel HJ, Rice CM. Flaviviridae. In: Knipe DM, Howley PM, editors. Fields
Virology. 1. 6th ed. Philadelphia Lippincott Williams and W; 2013. p. 712—46.

Lanciotti RS, Kosoy OL, Laven JJ, Velez JO, Lambert AJ, Johnson AJ, et al. Genetic and serologic
properties of Zika virus associated with an epidemic, Yap State, Micronesia, 2007. Emerg Infect Dis.
2008; 14(8):1232-9. doi: 10.3201/eid1408.080287 PMID: 18680646; PubMed Central PMCID:
PMCPMC2600394.

Faye O, Freire CC, lamarino A, Faye O, de Oliveira JV, Diallo M, et al. Molecular evolution of Zika virus
during its emergence in the 20(th) century. PLoS Negl Trop Dis. 2014; 8(1):e2636. doi: 10.1371/
journal.pntd.0002636 PMID: 24421913; PubMed Central PMCID: PMCPMC3888466.

Haddow AD, Schuh AJ, Yasuda CY, Kasper MR, Heang V, Huy R, et al. Genetic characterization of
Zika virus strains: geographic expansion of the Asian lineage. PLoS Negl Trop Dis. 2012; 6(2):e1477.
doi: 10.1371/journal.pntd.0001477 PMID: 22389730; PubMed Central PMCID: PMCPMC3289602.

Brinton MA, Basu M. Functions of the 3’ and 5’ genome RNA regions of members of the genus Flavivi-
rus. Virus Res. 2015; 206:108-19. doi: 10.1016/j.virusres.2015.02.006 PMID: 25683510; PubMed
Central PMCID: PMCPMC4540327.

Villordo SM, Carballeda JM, Filomatori CV, Gamarnik AV. RNA Structure Duplications and Flavivirus
Host Adaptation. Trends Microbiol. 2016; 24(4):270-83. doi: 10.1016/}.tim.2016.01.002 PMID:
26850219; PubMed Central PMCID: PMCPMC4808370.

Roby JA, Pijlman GP, Wilusz J, Khromykh AA. Noncoding subgenomic flavivirus RNA: multiple func-
tions in West Nile virus pathogenesis and modulation of host responses. Viruses. 2014; 6(2):404-27.
doi: 10.3390/v6020404 PMID: 24473339; PubMed Central PMCID: PMCPMC3939463.

Clarke BD, Roby JA, Slonchak A, Khromykh AA. Functional non-coding RNAs derived from the flavivi-
rus 3’ untranslated region. Virus Res. 2015; 206:53—-61. doi: 10.1016/j.virusres.2015.01.026 PMID:
25660582.

Schnettler E, Sterken MG, Leung JY, Metz SW, Geertsema C, Goldbach RW, et al. Noncoding flavivi-
rus RNA displays RNA interference suppressor activity in insect and Mammalian cells. J Virol. 2012;
86(24):13486-500. doi: 10.1128/JVI.01104-12 PMID: 23035235; PubMed Central PMCID:
PMCPMC3503047.

Schnettler E, Tykalova H, Watson M, Sharma M, Sterken MG, Obbard DJ, et al. Induction and sup-
pression of tick cell antiviral RNAi responses by tick-borne flaviviruses. Nucleic Acids Res. 2014; 42
(14):9436-46. doi: 10.1093/nar/gku657 PMID: 2505384 1; PubMed Central PMCID:
PMCPMC4132761.

Chang RY, Hsu TW, Chen YL, Liu SF, Tsai YJ, Lin YT, et al. Japanese encephalitis virus non-coding
RNA inhibits activation of interferon by blocking nuclear translocation of interferon regulatory factor 3.
Vet Microbiol. 2013; 166(1-2):11-21. doi: 10.1016/j.vetmic.2013.04.026 PMID: 23755934.

Moon SL, Dodd BJ, Brackney DE, Wilusz CJ, Ebel GD, Wilusz J. Flavivirus sfRNA suppresses antiviral
RNA interference in cultured cells and mosquitoes and directly interacts with the RNAi machinery.
Virology. 2015; 485:322—9. doi: 10.1016/j.virol.2015.08.009 PMID: 26331679; PubMed Central
PMCID: PMCPMC4619171.

Pijlman GP, Funk A, Kondratieva N, Leung J, Torres S, van der Aa L, et al. A highly structured, nucle-
ase-resistant, noncoding RNA produced by flaviviruses is required for pathogenicity. Cell Host
Microbe. 2008; 4(6):579-91. doi: 10.1016/j.chom.2008.10.007 PMID: 19064258.

Manokaran G, Finol E, Wang C, Gunaratne J, Bahl J, Ong EZ, et al. Dengue subgenomic RNA binds
TRIM25 to inhibit interferon expression for epidemiological fitness. Science. 2015; 350(6257):217-21.
doi: 10.1126/science.aab3369 PMID: 26138103; PubMed Central PMCID: PMCPMC4824004.

Schuessler A, Funk A, Lazear HM, Cooper DA, Torres S, Daffis S, et al. West Nile virus noncoding
subgenomic RNA contributes to viral evasion of the type | interferon-mediated antiviral response. J

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016 18/20


http://dx.doi.org/10.1371/journal.pntd.0004543
http://www.ncbi.nlm.nih.gov/pubmed/26938868
http://dx.doi.org/10.1371/journal.pntd.0002348
http://www.ncbi.nlm.nih.gov/pubmed/23936579
http://dx.doi.org/10.1371/journal.pntd.0002681
http://dx.doi.org/10.1371/journal.pntd.0002681
http://www.ncbi.nlm.nih.gov/pubmed/24516683
http://dx.doi.org/10.1016/j.jiph.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26754201
http://dx.doi.org/10.3201/eid1408.080287
http://www.ncbi.nlm.nih.gov/pubmed/18680646
http://dx.doi.org/10.1371/journal.pntd.0002636
http://dx.doi.org/10.1371/journal.pntd.0002636
http://www.ncbi.nlm.nih.gov/pubmed/24421913
http://dx.doi.org/10.1371/journal.pntd.0001477
http://www.ncbi.nlm.nih.gov/pubmed/22389730
http://dx.doi.org/10.1016/j.virusres.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25683510
http://dx.doi.org/10.1016/j.tim.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26850219
http://dx.doi.org/10.3390/v6020404
http://www.ncbi.nlm.nih.gov/pubmed/24473339
http://dx.doi.org/10.1016/j.virusres.2015.01.026
http://www.ncbi.nlm.nih.gov/pubmed/25660582
http://dx.doi.org/10.1128/JVI.01104-12
http://www.ncbi.nlm.nih.gov/pubmed/23035235
http://dx.doi.org/10.1093/nar/gku657
http://www.ncbi.nlm.nih.gov/pubmed/25053841
http://dx.doi.org/10.1016/j.vetmic.2013.04.026
http://www.ncbi.nlm.nih.gov/pubmed/23755934
http://dx.doi.org/10.1016/j.virol.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26331679
http://dx.doi.org/10.1016/j.chom.2008.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19064258
http://dx.doi.org/10.1126/science.aab3369
http://www.ncbi.nlm.nih.gov/pubmed/26138103

@ PLOS | RSHEAE Biseases

Genome Sequence of Zika Virus from Recife, Brazil

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Virol. 2012; 86(10):5708-18. doi: 10.1128/JV1.00207-12 PMID: 22379089; PubMed Central PMCID:
PMCPMC3347305.

Bidet K, Dadlani D, Garcia-Blanco MA. G3BP1, G3BP2 and CAPRIN1 are required for translation of
interferon stimulated mRNAs and are targeted by a dengue virus non-coding RNA. PLoS Pathog.
2014; 10(7):e1004242. doi: 10.1371/journal.ppat.1004242 PMID: 24992036; PubMed Central PMCID:
PMCPMC4081823.

Brennan B, Welch SR, Elliott RM. The consequences of reconfiguring the ambisense S genome seg-
ment of Rift Valley fever virus on viral replication in mammalian and mosquito cells and for genome
packaging. PLoS Pathog. 2014; 10(2):e1003922. doi: 10.1371/journal.ppat.1003922 PMID:
24550727; PubMed Central PMCID: PMCPMC3923772.

Carlos TS, Young DF, Schneider M, Simas JP, Randall RE. Parainfluenza virus 5 genomes are located
in viral cytoplasmic bodies whilst the virus dismantles the interferon-induced antiviral state of cells. J
Gen Virol. 2009; 90(Pt 9):2147-56. doi: 10.1099/vir.0.012047-0 PMID: 19458173; PubMed Central
PMCID: PMCPMC2885057.

Hilton L, Moganeradj K, Zhang G, Chen YH, Randall RE, McCauley JW, et al. The NPro product of
bovine viral diarrhea virus inhibits DNA binding by interferon regulatory factor 3 and targets it for pro-
teasomal degradation. J Virol. 2006; 80(23):11723-32. doi: 10.1128/JVI.01145-06 PMID: 16971436;
PubMed Central PMCID: PMCPMC1642611.

Yoneyama M, Suhara W, Fukuhara Y, Fukuda M, Nishida E, Fujita T. Direct triggering of the type |
interferon system by virus infection: activation of a transcription factor complex containing IRF-3 and
CBP/p300. Embo J. 1998; 17(4):1087-95. doi: 10.1093/emboj/17.4.1087 PMID: 9463386.

Pichimair A, Schulz O, Tan CP, Rehwinkel J, Kato H, Takeuchi O, et al. Activation of MDA5 requires
higher-order RNA structures generated during virus infection. J Virol. 2009; 83(20):10761-9. doi: 10.
1128/JVI1.00770-09 PMID: 1965687 1; PubMed Central PMCID: PMCPMC2753146.

Rehwinkel J, Tan CP, Goubau D, Schulz O, Pichimair A, Bier K, et al. RIG-1 detects viral genomic RNA
during negative-strand RNA virus infection. Cell. 2010; 140(3):397—-408. doi: 10.1016/j.cell.2010.01.
020 PMID: 20144762.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9(4):357—
9. doi: 10.1038/nmeth.1923 PMID: 22388286; PubMed Central PMCID: PMCPMC3322381.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004; 32(5):1792-7. doi: 10.1093/nar/gkh340 PMID: 15034147; PubMed Central PMCID:
PMCPMC390337.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an inte-

grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics. 2012; 28(12):1647-9. doi: 10.1093/bioinformatics/bts199 PMID: 22543367; PubMed
Central PMCID: PMCPMC3371832.

Martin DP, Murrell B, Golden M, Khoosal A, Muhire B. RDP4: Detection and analysis of recombination
patterns in virus genomes. Virus Evolution. 2015; 1(1). doi: 10.1093/ve/vev003

Guindon S, Gascuel O. A simple, fast, and accurate algorithm to estimate large phylogenies by maxi-
mum likelihood. Syst Biol. 2003; 52(5):696—704. PMID: 14530136.

Huelsenbeck JP, Ronquist F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics.
2001; 17(8):754-5. PMID: 11524383.

Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models, new heuristics and parallel
computing. Nat Methods. 2012; 9(8):772. doi: 10.1038/nmeth.2109 PMID: 22847109; PubMed Central
PMCID: PMCPMC4594756.

Pond SL, Frost SD, Muse SV. HyPhy: hypothesis testing using phylogenies. Bioinformatics. 2005; 21
(5):676-9. doi: 10.1093/bioinformatics/bti079 PMID: 15509596.

Ladner JT, Wiley MR, Prieto K, Yasuda CY, Nagle E, Kasper MR, et al. Complete Genome Sequences
of Five Zika Virus Isolates. Genome Announc. 2016; 4(3). doi: 10.1128/genomeA.00377-16 PMID:
27174284.

Giovanetti M, Faria NR, Nunes MR, de Vasconcelos JM, Lourenco J, Rodrigues SG, et al. Zika virus
complete genome from Salvador, Bahia, Brazil. Infect Genet Evol. 2016. doi: 10.1016/j.meegid.2016.
03.030 PMID: 27071531.

Lanciotti RS, Lambert AJ, Holodniy M, Saavedra S, Signor Ldel C. Phylogeny of Zika Virus in Western
Hemisphere, 2015. Emerg Infect Dis. 2016; 22(5):933-5. doi: 10.3201/eid2205.160065 PMID:
27088323; PubMed Central PMCID: PMCPMC4861537.

Faria NR, Azevedo Rdo S, Kraemer MU, Souza R, Cunha MS, Hill SC, et al. Zika virus in the Americas:
Early epidemiological and genetic findings. Science. 2016; 352(6283):345-9. doi: 10.1126/science.
aaf5036 PMID: 27013429.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016 19/20


http://dx.doi.org/10.1128/JVI.00207-12
http://www.ncbi.nlm.nih.gov/pubmed/22379089
http://dx.doi.org/10.1371/journal.ppat.1004242
http://www.ncbi.nlm.nih.gov/pubmed/24992036
http://dx.doi.org/10.1371/journal.ppat.1003922
http://www.ncbi.nlm.nih.gov/pubmed/24550727
http://dx.doi.org/10.1099/vir.0.012047&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/19458173
http://dx.doi.org/10.1128/JVI.01145-06
http://www.ncbi.nlm.nih.gov/pubmed/16971436
http://dx.doi.org/10.1093/emboj/17.4.1087
http://www.ncbi.nlm.nih.gov/pubmed/9463386
http://dx.doi.org/10.1128/JVI.00770-09
http://dx.doi.org/10.1128/JVI.00770-09
http://www.ncbi.nlm.nih.gov/pubmed/19656871
http://dx.doi.org/10.1016/j.cell.2010.01.020
http://dx.doi.org/10.1016/j.cell.2010.01.020
http://www.ncbi.nlm.nih.gov/pubmed/20144762
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://dx.doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://dx.doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
http://dx.doi.org/10.1093/ve/vev003
http://www.ncbi.nlm.nih.gov/pubmed/14530136
http://www.ncbi.nlm.nih.gov/pubmed/11524383
http://dx.doi.org/10.1038/nmeth.2109
http://www.ncbi.nlm.nih.gov/pubmed/22847109
http://dx.doi.org/10.1093/bioinformatics/bti079
http://www.ncbi.nlm.nih.gov/pubmed/15509596
http://dx.doi.org/10.1128/genomeA.00377-16
http://www.ncbi.nlm.nih.gov/pubmed/27174284
http://dx.doi.org/10.1016/j.meegid.2016.03.030
http://dx.doi.org/10.1016/j.meegid.2016.03.030
http://www.ncbi.nlm.nih.gov/pubmed/27071531
http://dx.doi.org/10.3201/eid2205.160065
http://www.ncbi.nlm.nih.gov/pubmed/27088323
http://dx.doi.org/10.1126/science.aaf5036
http://dx.doi.org/10.1126/science.aaf5036
http://www.ncbi.nlm.nih.gov/pubmed/27013429

@ PLOS | RSHEAE Biseases

Genome Sequence of Zika Virus from Recife, Brazil

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Diamond MS, Gale M Jr. Cell-intrinsic innate immune control of West Nile virus infection. Trends
Immunol. 2012; 33(10):522—30. doi: 10.1016/}.it.2012.05.008 PMID: 22726607; PubMed Central
PMCID: PMCPMC3461102.

Lazear HM, Diamond MS. New insights into innate immune restriction of West Nile virus infection. Curr
Opin Virol. 2015; 11:1-6. doi: 10.1016/j.coviro.2014.12.001 PMID: 25554924; PubMed Central
PMCID: PMCPMC4456296.

Green AM, Beatty PR, Hadjilaou A, Harris E. Innate immunity to dengue virus infection and subversion
of antiviral responses. J Mol Biol. 2014; 426(6):1148-60. doi: 10.1016/j.jmb.2013.11.023 PMID:
24316047; PubMed Central PMCID: PMCPMC4174300.

Castillo Ramirez JA, Urcuqui-Inchima S. Dengue Virus Control of Type | IFN Responses: A History of
Manipulation and Control. J Interferon Cytokine Res. 2015; 35(6):421-30. doi: 10.1089/jir.2014.0129
PMID: 25629430; PubMed Central PMCID: PMCPMC4490770.

Lazear HM, Govero J, Smith AM, Platt DJ, Fernandez E, Miner JJ, et al. A Mouse Model of Zika Virus
Pathogenesis. Cell Host Microbe. 2016; 19(5):720-30. doi: 10.1016/j.chom.2016.03.010 PMID:
27066744; PubMed Central PMCID: PMCPMC4866885.

Bayer A, Lennemann NJ, Ouyang Y, Bramley JC, Morosky S, Marques ET Jr., et al. Type lll Interfer-
ons Produced by Human Placental Trophoblasts Confer Protection against Zika Virus Infection. Cell
Host Microbe. 2016; 19(5):705—12. doi: 10.1016/j.chom.2016.03.008 PMID: 27066743; PubMed Cen-
tral PMCID: PMCPMC4866896.

Grant A, Ponia SS, Tripathi S, Balasubramaniam V, Miorin L, Sourisseau M, et al. Zika Virus Targets
Human STAT2 to Inhibit Type | Interferon Signaling. Cell Host Microbe.In press.

Oshiumi H, Kouwaki T, Seya T. Accessory Factors of Cytoplasmic Viral RNA Sensors Required for
Antiviral Innate Immune Response. Front Immunol. 2016; 7:200. doi: 10.3389/fimmu.2016.00200
PMID: 27252702; PubMed Central PMCID: PMCPMC4879126.

Yoneyama M, Onomoto K, Jogi M, Akaboshi T, Fujita T. Viral RNA detection by RIG-I-like receptors.
Curr Opin Immunol. 2015; 32:48-53. doi: 10.1016/j.c0i.2014.12.012 PMID: 25594890.

Freire CCdM, lamarino A, Neto DFdL, Sall AA, Zanotto PMdA. Spread of the pandemic Zika virus line-
age is associated with NS1 codon usage adaptation in humans. bioRxiv. 2015. doi: 10.1101/032839
Shan C, Xie X, Muruato AE, Rossi SL, Roundy CM, Azar SR, et al. An Infectious cDNA Clone of Zika

Virus to Study Viral Virulence, Mosquito Transmission, and Antiviral Inhibitors. Cell Host Microbe.
2016:In press. doi: 10.1016/j.chom.2016.05.004 PMID: 27198478.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016 20/20


http://dx.doi.org/10.1016/j.it.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22726607
http://dx.doi.org/10.1016/j.coviro.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25554924
http://dx.doi.org/10.1016/j.jmb.2013.11.023
http://www.ncbi.nlm.nih.gov/pubmed/24316047
http://dx.doi.org/10.1089/jir.2014.0129
http://www.ncbi.nlm.nih.gov/pubmed/25629430
http://dx.doi.org/10.1016/j.chom.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27066744
http://dx.doi.org/10.1016/j.chom.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/27066743
http://dx.doi.org/10.3389/fimmu.2016.00200
http://www.ncbi.nlm.nih.gov/pubmed/27252702
http://dx.doi.org/10.1016/j.coi.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25594890
http://dx.doi.org/10.1101/032839
http://dx.doi.org/10.1016/j.chom.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27198478

